Until now, complete ex vivo spermatogenesis has been reported only in the mouse. In this species, the duration of spermatogenesis is 35 days, whereas it is 54 days in the rat and 74 days in humans. We performed long-term (until 60 days) cultures of fresh or frozen rat or human seminiferous tubule segments in a bioreactor made of a hollow cylinder of chitosan hydrogel. Testicular tissues were obtained from 8-or 20-day-old male rats or from adult human subjects who had undergone hormone treatments leading to a nearly complete regression of their spermatogenesis before bilateral orchiectomy for gender reassignment. The progression of spermatogenesis was assessed by cytological analyses of the cultures; it was related to a dramatic increase in the levels of the mRNAs specifically expressed by round spermatids, Transition protein 1, Transition protein 2, and Protamine 3 in rat cultures. From 2% to 3.8% of cells were found to be haploid cells by fluorescence in situ hybridization analysis of human cultures. In this bioreactor, long-term cultures of seminiferous tubule segments from prepubertal rats or from adult men allowed completion of the spermatogenic process leading to morphologically mature spermatozoa. Further studies will need to address the way of optimizing the yield of every step of spermatogenesis by adjusting the composition of the culture medium, the geometry, and the material properties of the chitosan hydrogel bioreactors.
INTRODUCTION
Spermatogenesis is a complex process of cellular multiplication and differentiation which occurs in the testis within the seminiferous tubules. After several mitotic divisions, diploid (2C cells) spermatogonia develop into preleptotene spermatocytes which become 4C cells after premeiotic DNA replication. The first meiotic division then generates secondary spermatocytes which possess two copies of each gene (2C cells). After the second meiotic division, the secondary spermatocytes generate haploid spermatids (1C cells) which will differentiate into spermatozoa. These steps are regulated by pituitary hormones (mainly follicle-stimulating hormone [FSH] and luteinizing hormone) and by soluble and membrane bound factors produced by both the somatic cells and the germ cells of the testis [1, 2] .
During the past 20 yr, we have developed two culture systems for rat germ cells together with Sertoli cells, the somatic cells of the seminiferous tubules supporting the germ cells [3, 4] . We were the first to show that the whole meiotic process could occur in vitro or ex vivo in a mammal, the rat [5] . We showed that the development of the meiotic step, in vitro or ex vivo, in the testis of prepubertal and pubertal rats was close to what happens in vivo [5, 6] . These ex vivo systems have been useful to highlight some aspect of the intratesticular regulation of spermatogenesis [2, [7] [8] [9] [10] [11] . However, in these culture systems, germ cell differentiation stops at early steps of spermiogenesis [5, 6] .
Improved treatments with radiotherapy and chemotherapy increases survival in cancer diseases, especially in children. These treatments have side effects: they are especially responsible for testicular damages and infertility. Cryopreservation of sperm before chemotherapy and radiotherapy sterilizing treatments preserves reproductive opportunities in 1 Supported by Cancé ropole Rhô ne-Alpes Auvergne grant CVPDC001 and by Kallistem SAS. 2 Correspondence: Phillipe Durand, Kallistem, Ecole Normale Supé rieure de Lyon, 46 allé e d 0 Italie 69364 Lyon Cedex 07, France. E-mail: philippe.durand@ens-lyon.fr adult men. In the absence of mature sperm, measures to preserve the reproductive potential could not be considered in children, even though the cure rate is important at this age [12, 13] . The only currently feasible conservation measures for these children are collection and cryopreservation of testicular tissue, with no guarantee that future scientific advances will restore their fertility as part of a medically assisted parental project [12] .
In the present study, we identified the conditions allowing rat or human spermatogonia to undergo the whole spermatogenesis process ex vivo, leading to morphologically mature spermatozoa from fresh or frozen testicular tissue.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats 8 or 20 days old were used (Charles River). All procedures were approved by the Scientific Research Agency (approval number 69306) and conducted in accordance with recommendations of the European Economic Community (86/609/EEC) for the care and use of laboratory animals.
Origin of Human Testicular Tissue
Testicular tissues were obtained from bilateral orchiectomy performed for gender reassignment of five male-to-female transsexual subjects between 25 and 31 years of age. The subjects received daily treatment of 50 mg of cyproterone acetate, 2 mg of 17b-estradiol, and 1 mg of finasteride orally for 2 years before orchiectomy. Written informed consent was obtained from the subjects. The protocol has been accepted by the ethical committee of the Hospices Civils de Lyon.
Freezing and Thawing of Seminiferous Tubules
Isolated human seminiferous tubule segments were cryopreserved with dimethyl sulfoxide (Sigma-Aldrich) as a cryoprotectant at a final concentration of 1.5 M and sucrose as an extracellular cryoprotectant at a final concentration of 1 M. The freezing medium contained Leibovitz L-15 medium (Eurobio) and 10% serum substitute supplement (Irvine Scientific).
The seminiferous tubule segments were resuspended in a minimum volume of Leibovitz medium after centrifugation. Segments of 5-10 mg were individually placed in cryotubes containing the cryoprotective solution. The cryotubes were incubated at 48C for 30 min. The tubule segments were frozen in a programmable freezer (Freezal; Air Liquide Sante). A slow freezing protocol previously described was used [14] . The duration of the freezing time was 124 min. At the end of the program, the cryotubes were plunged into nitrogen liquid at À1968C. The thawing program consisted of a rapid thawing at 328C in a water bath.
Preparation of Chitosan Hydrogel Bioreactors
Chitosan hydrogel bioreactors were prepared as described previously [15] . Such technology was derived from the structuring process of hydrogels by interrupted neutralization of chitosan aqueous solutions. A highly deacetylated chitosan with high molecular weight was produced from squid pen chitin (indexes 114, batch no. P1; Mahtani Chitosan Pvt. Ltd.). Sodium hydroxide pellets, ammonium hydroxide solution at 28%-30% (w/w), and acetic acid were purchased from Sigma-Aldrich. Physical chitosan hydrogels were prepared by gelation of an aqueous chitosan solution. The chitosan solution was first obtained by dispersing neutralized purified chitosan lyophilizates into water, and then acetic acid was added to achieve the stoichiometric protonation of -NH 2 sites. Amounts of chitosan and water were determined to obtain the solution concentration of 2.0% (w/w). After polymer dissolution, the resulting solution was placed in syringes. The solution was then extruded (using Performus I; Nordsan EFD) through a cone extruder tip of 3 mm diameter and neutralized in sodium hydroxide solution at a concentration of 1 M in order to coagulate the external membrane of the extrudates. After a coagulation time, a tubular hydrogel was formed and placed in deionized water bath in order to stop the coagulation process. The uncoagulated inner solution was removed with air flux inside the chitosan tube, thus creating the lumen of the tube. Bioreactors with an internal diameter of 2 mm and an external membrane of 1 mm were sterilized by autoclaving and stored in deionized water at room temperature.
Ex Vivo Spermatogenesis
Isolated seminiferous tubule segments, 20-50 mm 3 , prepared by mechanical dissociation (Fig. 1) , were introduced into chitosan tubes which were then sealed at both ends and deposited in a conventional culture well containing 8 ml of culture medium [16] .
The medium was changed every 2 days. The serum-free culture medium consisted of 15 mM Hepes-buffered F12/Dulbecco modified Eagle medium supplemented with antibiotics, 1.2 g/L NaHCO 3 , 10 lg/ml insulin, 10 lg/ml transferrin, 10 À4 M vitamin C, 10 lg/ml vitamin E, 3.3 3 10 À7 M retinoic acid, 3.3 3 10 À7 M retinol, 10 À3 M pyruvate, 10 À7 M testosterone (all from SigmaAldrich), and 1 ng/ml FSH (lot number AFP 7028 D; U.S. National Institutes of Health) obtained through National Institute of Diabetes and Digestive and Kidney Diseases. For 8-day-old rats and the transsexual men, testosterone was added to the culture medium after 5 days of culture. Incubation was carried out at 338C in a water-saturated atmosphere of 95% air and 5% CO 2 .
Histochemical Studies of Histological Sections
Pieces of rat or human testes were fixed in Bouin fluid for 12-24 h and then dehydrated and embedded in paraffin; 3-lm-thin sections of testes were deparaffinized and rehydrated and stained with Harris hematoxylin solution.
Some testis sections from 8-day-old rats or from human subjects were incubated overnight at 48C with a mouse antivimentin monoclonal antibody (clone V9; Dako) at a 1/300 dilution in antibody diluent (Dako). The staining was performed with the EnVisionþ dual link system peroxidase kit (Dako) with 3,3-diaminobenzidine (DAB) or amino-3-ethyl-9-carbazole (AEC; both from Vector Laboratories) as a chromogen; cells were counterstained with Harris or Mayer hematoxylin solution.
Cytological Studies of Cultured Cells
At selected days of culture (see Results), seminiferous tubule segments were extruded from the chitosan tubes and then crushed between two microscopic glass slides [17] . The nuclei were stained with Harris's hematoxylin solution, and cells were identified by microscopy examination (Axioskop; Zeiss).
Extraction of Spermatozoa from Bioreactor
Seminiferous tubule segments were extruded from the chitosan tubes with a lancet and then stretched with needles in a drop of culture medium.
Fluorescent In Situ Hybridization in Human Germ Cells
Samples obtained for fluorescent in situ hybridization were spread on a slide and then dehydrated in ethanol series (70%, 85%, and 100%) and stored at 
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À208C before processing. Before hybridization, slides were fixed three times in Carnoy's fixative (methanol-glacial acetic acid, 3:1 dilution). Then cells were decondensed for 3 min in 1M NaOH and fixed once in Carnoy fixative for 10 min. Slides were dehydrated in ethanol series (70%, 85%, 100%).
Hybridization was performed using a FastFish kit (Cytocell) according to the manufacturer 0 s instructions, using probe set 1 for chromosomes 13 and 21 and probe set 2 for chromosomes X, Y, and 18. After we washed the slides, we observed them by using an AxioImager Z2 epifluorescence microscope (Zeiss), and images were processed using Isis 5.7.4 software (Metasystem).
RNA Preparation and Analysis
Total RNA was extracted from freshly prepared or cultured seminiferous tubule segments, using TRI-REAGENT (Euromedex) according to the manufacturer 0 s protocol. All samples were treated with DNase I (Life Technologies) before reverse transcription. First-strand cDNA was synthesized from 1 lg of RNA with Super Script III (Life Technologies) in the presence of oligo(dT) (Life Technologies) and random primers (Fermentas). Real-time PCR was performed using a Step One Plus instrument (Applied Biosystems), using SYBR-Green (Qiagen). Primers sequences are shown in Table 1 . Mitochondrial ribosomal protein S18B and the ribosomal protein S16 mRNAs were used as housekeeping gene controls. The absence of contaminants was checked by RT-PCR assays of negative control samples in which the RNA samples were replaced with sterile water, or reverse transcriptase was not added.
RESULTS
Ex vivo differentiation of immature germ cells into spermatozoa was obtained in 3 of 4 experiments with 8-dayold rats; in 7 of 9 experiments with 20-day-old rats, in 4 of 5 experiments with fresh tissue from men and in 2 of 2 experiments with human frozen testicular samples. Representative examples are presented below.
Results with 20-Day-Old Rats
Similar to prepubertal human males, these animals did not display full spermatogenesis. Indeed, at the beginning of the culture, the most differentiated germ cells in their seminiferous tubules were pachytene spermatocytes (PS) from stage X [6] . Round spermatids (RS) (steps 1-4 of spermiogenesis) and elongated spermatids (ES) (step 9) as described by Russell et al. [18] were visualized on Day 9 of culture (Fig. 2, A and B) . ES (step 9) and more differentiated ES (steps 10-12) were observed on Day 25 of culture (Fig. 2, C, D , and E). After 39 days of culture a cluster of ES with their flagellum was observed (Fig. 2F) . Heads and flagella of ES (steps [15] [16] [17] are also shown at a higher magnification (Fig. 2G) . Cell clusters were observed at Day 39 in which early meiotic cells, young spermatocytes (yS) and PS (identified by the diameter and chromatin aspects of the nucleus of each cell type and the stage of seminiferous epithelium) (Fig. 2H) were still abundant. A new wave of RS and young PS (yPS) (Fig. 2I) , as associated in stages I-IV of the seminiferous epithelium [18] , was also present. ES (step 9 in stage IX) were observed (Fig. 2J) . A bouquet of spermatozoa, freshly extracted from the bioreactor on Day 39 of culture is shown in Figure 3 .
mRNA-related qPCR products were measured in freshly isolated seminiferous tubule segments of 20-day-old rats or in seminiferous tubule segments cultured for 12, 20, or 40 days ( Table 2 ). In cocultures, as in vivo during testis development [19] , the rate of survival and/or differentiation of somatic (Sertoli cells) and germ cells may be quite different over time, making the quantitative measurement of an mRNA species at different days of the experiment rather difficult. Nevertheless, the progression of spermatogenesis was related with a dramatic increase (approximately 100-fold) in the levels of mRNAs specifically expressed by RS: Transition protein 1 (Tp1), Transition protein 2 (Tp2), and Protamine 3 (Prm3) up to 20 days, together with a mild decrease in stathmin mRNAs, mostly expressed by PS [20, 21] . By contrast, the expression of the gap junction protein alpha 1 (Cx43), which is expressed by both the Sertoli cells and some germ cells and is crucial for spermatogenesis [22, 23] was not as highly modified.
Results with 8-Day-Old Rats
Seminiferous tubule cultures from 8-day-old rats were then performed. Indeed, only (vimentin-positive) Sertoli cells and (vimentin-negative) spermatogonia were present in the testes of 8-day-old rats (Fig. 4, A and B) , making them animal models for young human males. Note that vimentin is much less expressed in immature Sertoli cells than after the establishment of the blood testis barrier (see supplemental Fig. S1 associated with the article by Ryser et al. [24] ). Meiotic cells yS and PS were visualized on Day 12 of culture (Fig. 4, C and D) . RS and ES (step 10 of spermiogenesis) were observed on Days 20 and 32 of culture, respectively (Fig. 4, E and F) . After 61 days of culture, germ cells were still observed: among them spermatozoa with their flagellum (Fig. 4G) . A whole isolated spermatozoon with its head, its cytoplasmic lobe, and its flagellum is shown in Figure 4 , H and I.
Despite a careful histological observation of these cultures, we could not provide an exact number of spermatozoa formed per bioreactor; it was estimated to be approximately 100 in the cultures of 20-day-old rat and 30 to 50 in cultures of 8-day-old rats.
Culture of Freshly Prepared Human Seminiferous Tubule Segments
The treatment of human patients retained in this study with both estrogens and antiandrogens led to a regression of the seminiferous tubules, which were surrounded by fibrous interstitial tissue (Fig. 5A) . Only Sertoli cells, labeled with the antivimentin antibody and spermatogonia were present in the seminiferous epithelium, which possessed no differentiated germ cells (Fig. 5B) .
At different days of culture of the seminiferous tubule segments of patient 1, germ cells were observed. Cultured cells had an appearance similar to those in vivo described by Clermont [25] (see Fig. 3 in reference [25] ). A spermatid Sc (stages V-VI of the seminiferous epithelium) was visualized on Day 25 of culture (Fig. 6A) . On Day 34 of culture, spermatids at different steps of differentiation were observed: Sb (stages III-IV) (Fig. 6B) , Sc (stages V-VI) (Fig. 6C) . A spermatozoon on Day 55 is shown in Figure 6D . Also, a group of less differentiated cells was observed at Day 55, with yS and PS and a new wave of spermatids (Sb and Sc/Sd) (Fig. 6E) .
Fluorescent in situ hybridization of cultured cells was performed on Day 60 of culture. A total of 106 nuclei were observed by using probe set 1. Four cells showed one signal for chromosome 13 and one signal for chromosome 21 and were, thus, considered haploid (3.8%). With probe set 2, 151 nuclei were observed. Two cells showed one signal for chromosome X and one signal for chromosome 18, and one cell showed one signal for chromosome Y and one signal for chromosome 18. These three cells were considered haploid (2%) (Fig. 7) .
Culture of Frozen/Thawed Human Seminiferous Tubule Segments (Patient 2)
Spermatids Sa (stages I-II) of the seminiferous epithelium were observed on Day 24 of culture, one of them is shown in Figure 8A . After 34 days of culture, spermatozoa and flagella were observed (Fig. 8B) . Figure 8C shows a spermatozoon at higher magnification. A cluster of yS associated with PS and a spermatid Sb (stages III-IV) observed at Day 34 is shown in Figure 8D . In both types of human cultures the number of spermatozoa ranged between 5 and 20 spermatozoa per bioreactor.
DISCUSSION
Long-term primary cultures of seminiferous tubule segments in a bioreactor made of a hollow cylinder of chitosan hydrogel in a defined, serum-free medium allowed completion of the spermatogenic process in seminiferous tubule segments from prepubertal rats which do not display full spermatogenesis or, very importantly, from adult men who had undergone hormone treatments leading to a nearly complete regression of their spermatogenesis. Until now, complete ex vivo spermatogenesis has been reported only in the mouse [26] [27] [28] , in which the duration of the spermatogenic process is much shorter (35 days) [29] .
The most important result presented herein is the achievement of spermiogenesis in both human and rat, leading to the ex vivo formation of morphologically normal spermatozoa. Indeed, we have shown previously that spermatogonia multiplication and the whole meiotic step occurred in primary cultures of 20-day-old rat (of 8-day-old rat and of human [Perrard et al., unpublished results]) seminiferous tubule segments in bicameral culture chambers, but that spermiogenesis stops early after the completion of the second meiotic division [3, 5] . It is important to note that, ex vivo, the germ cells most often had a morphology very similar to their appearance in vivo, despite the fact that after they were extracted from the chitosan tubes the seminiferous tubule segments had to be crushed between two microscopic glass slides to perform the microscopic observations. Actually, this allowed conserving the cellular associations characteristic of the stages of the seminiferous epithelium [17] . Careful cytological analysis of these cultures was, indeed, essential, to follow spermiogenesis, as there is no change in cell ploidy at that step, and chromatin compaction in elongating spermatids renders gene transcription virtually inactive [19] .
No study using bromodeoxyuridine labeling of the germ cells was performed here, preventing the determination of the kinetics of the spermatogenic process under the present culture conditions. However, for the rat studies, the timing of the appearance of the spermatozoa was compatible with that of the in vivo data [6, 29] . Indeed, in the rat at 7-8 days of age, the only germ cells were spermatogonia (Fig. 3, A and B) and [30, 31] . In this species, the duration of spermatogenesis is 54 days [32] . After 61 days of culture under the present conditions, morphologically normal spermatozoa were observed, demonstrating that every step of the spermatogenic process occurred in culture.
For the human studies, observation of spermatozoa on Day 55 of culture of ''fresh'' seminiferous tubule segments might be expected if they originate from B spermatogonia [25] . More surprising was the observation of spermatozoa on Day 34 of culture of frozen/thawed seminiferous tubule segments. It must be underlined that some variability among subjects may occur in humans [33] , leading to the ''need of revisiting the cycle of the seminiferous epithelium in humans'' [34] . It has also been reported that culture conditions may increase the speed of differentiation of immature testicular tissue [35] and references herein. Alternatively, the residual presence of a small number of early meiotic cells in the biopsies cannot be excluded [36] .
Despite the fact that we could not assess precisely the number of spermatozoa produced in these cultures, the yield of human haploid cell formation in the bioreactor was similar to that obtained in rat tubule segments cultured in bicameral chambers [5] . In addition, it was close to that reported in the mouse in the organotypic culture model reported by Sato et al. [28] . 3 germ cells had, most often, a morphology very similar to their appearance in vivo [18] , despite the fact that, after they were extracted from the chitosan tubes, the seminiferous tubule segments had to be crushed between two microscopic glass slides to perform the microscopic observations. Actually, this allowed conserving the cellular associations characteristic of the stages of the seminiferous epithelium [17] . PERRARD ET AL. 
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Under the present culture conditions, the testicular tissue was confined in the hydrogel bioreactor, thereby maintaining the 3-dimensional architecture of the seminiferous tubules close to that in vivo. This appears to be of primary importance. Indeed, numerous cellular junctions develop between Sertoli cells and germ cells during spermatogenesis [37] . Sertoli cells interact directly with developing germ cells at every step of their differentiation, mainly through gap junction communications and its primordial testicular component the Cx43 [22, 23] . Hence, it is the cytoarchitectural arrangement, between Sertoli cells and the developing germ cells, that provides the microenvironment in which the germ cells will survive, proliferate and differentiate (see also [38] ). When using the present bioreactor, the levels of Cx43 mRNAs appeared to be maintained for the duration of the culture. By contrast, in our previous culture system in bicameral chambers, Cx43 decreased from Day 12 of culture onward [39] . Hence it may be suggested that the microenvironment necessary to the achievement of spermatogenesis/spermiogenesis was rather well maintained in the present bioreactor. It may be noticed that in the rat cultures the levels of RS specific mRNAs were maximal on Day 12 and decreased thereafter. Nevertheless, the presence of early meiotic cells and of new RS on Day 39, together with rather high amount of Stathmin mRNAs indicates that a new wave of spermatogenesis was occurring at that time. Similarly, in the human cultures, we still observed the presence of spermatocytes and of spermatids Sb on Day 55.
In the present study, we report for the first time that whole human spermatogenesis can be achieved in vitro or ex vivo under well-defined culture conditions by using a bioreactor made of a hollow cylinder of chitosan hydrogel in which the seminiferous tubule segments are confined. Hence, the present results support the strategy that before chemotherapy treatment of young boys, a small piece of testicular pulp could be removed and cultured in our model for the production of sperm. The sperm will be frozen until the patient's parental project. However, in order to get a sufficient number of spermatozoa for intracytoplasmic sperm injection (ICSI), further studies will need to address the way of optimizing the yield of every step of spermatogenesis, by adjusting the composition of the culture medium, the geometry and material properties of the chitosan hydrogel bioreactors. Another essential requirement is to assess the quality of the gametes produced ex vivo by showing their ability to produce normal offspring (rat) or their biochemical normality (human). In the future, this technology should be helpful in clinical practice, not only to save fertility in patients subjected to radiotherapy and chemotherapy but also to correct some nonobstructive azoospermia due to Sertoli cell dysfunction.
